The engagement of inhibitory receptors specific for MHC class I (MHC-I) molecules educates NK cells, meaning the improvement of the response of activation receptors to subsequent stimulation. It is not known whether inhibitory MHC-I receptors educate only NK cells or whether they improve the responsiveness of all cell types, which express them. To address this issue, we analyzed the expression of inhibitory MHC-I receptors on intestinal intraepithelial lymphocytes (iIEL) and show that TCRαβ CD8αα iIEL express multiple inhibitory receptors specific for MHC-I molecules including CD94/NKG2A, Ly49A and Ly49G2. However, the presence of MHC-I ligand for these receptors did not improve the response of iIEL to activation via the TCR. The absence of iIEL education by MHC-I receptors was not related to a lack of inhibitory function of these receptors in iIEL and a failure of these receptors to couple to the TCR. Thus, unlike NK cells, iIEL do not undergo an MHC-I guided education process. These data suggest that education is an NK cell specific function of inhibitory MHC-I receptors.
transformation. This is known as 'missing-self recognition'. 3 NK cells develop in normal numbers in MHC-I-deficient mice or patients. However, their activation receptors respond poorly to stimulation 4, 5 , which likely explains the lack of autoimmune-related processes in these patients. In addition, MHC-I-sufficient mice and humans have NK cells that do not express inhibitory MHC-I receptors or that express exclusively inhibitory MHC-I receptors for the wrong MHC-I. NK cell activation receptors on such NK cells do also respond poorly to stimulation. [6] [7] [8] On the other hand, activation receptors on NK cells, which express an inhibitory receptor for self-MHC-I respond efficiently to stimulation. Thus, the interaction between inhibitory receptors and MHC-I molecules mediates a functional maturation of NK cells. This is referred to as 'NK cell education'. [6] [7] [8] [9] [10] [11] [12] In addition to NK cells, inhibitory MHC-I receptors are expressed by other cell types, including intestinal intraepithelial lymphocytes (iIEL), NKT and CD8 memory T cells. [13] [14] [15] [16] [17] [18] iIEL can be divided in 'type a' or 'conventional' T cells and 'type b' or 'non-conventional' T cells based on TCR-usage and expression of coreceptors. Type a mucosal T cells include MHC-I-and MHC-II-restricted T cells expressing α β TCRs in combination with CD8αβ and CD4, respectively, whereas type b iIEL express α β TCRs or γ δ TCRs in combination with
For personal use only. on September 14, 2017. by guest www.bloodjournal.org From CD8αα (reviewed in Kunisawa 19 ). In addition, type b iIEL lack typical T cell markers such as Thy-1, CD2 and CD28, but they express FcεRIγ, tactile and several natural killer cell receptors. [13] [14] [15] [20] [21] [22] Gut iIEL are of thymic origin and require thymic positive selection that directs lineage commitment and functional differentiation. [23] [24] [25] Many TCRαβ CD8αα iIEL are 'self-reactive' as they undergo a self-antigen-dependent agonist selection process. 26 Indeed these cells have an antigen-experienced, memory phenotype and they are characterized by a so-called 'activated yet resting' state. They have a cytolytic effector phenotype, based on the expression of perforin, granzyme A and B and Fas Ligand. Finally, they constitutively express mRNA for various chemokines and immune regulators such as macrophage inflammatory protein (MIP)-1α, MIP-1β, lymphotactin, RANTES and macrophage migration inhibitory factor. 14, 27 However, despite their self-reactive TCR repertoire, TCRαβ iIEL are able to prevent inflammatory responses in the intestine. 28, 29 In this study, we addressed the question whether inhibitory MHC-I receptors can improve the functional properties of cell types other than NK cells. To this end, we investigated the expression of inhibitory MHC-I receptors on iIEL and tested the functional response of relevant iIEL subsets in comparison to NK cells. While the engagement of MHC-I receptors enhanced the function of NK cells, it failed to improve the functional response of CD8αα iIEL. These results suggest that education by inhibitory MHC-I receptors is a specific feature of NK cells. 
Isolation of iIEL and splenocytes
iIEL from 6-10 week old mice were isolated as described elsewhere, with few adaptations. 13 Briefly, small intestines were removed and carefully cleaned from their mesentery, Peyer's patches were excised and intestines were washed of fecal contents with PBS. Intestines were subsequently opened longitudinally, cut into 0.5-cm pieces, transferred into 50 ml conical tubes, and incubated twice during 20 min at 37°C in Ca/Mg-free HBSS (Life Technologies, Carlsbad, CA, USA) plus 5% FCS with 1 mM EDTA (Life Technologies) and 1 mM DTT (Sigma-Aldrich, St. Louis, MO, USA) at slow rotation. The cell suspensions were passed through a 40 µm cell strainer (Falcon, Franklin Lakes, NJ, USA) and subsequently pelleted by centrifugation at 480 g. Cell pellets were resuspended in 44% Percoll (GE Healthcare, Waukesha, WI, USA), underlain with 67% Percoll and centrifuged at 2000 g for 20 min. iIEL from the 44%/67% interface were collected, washed twice, and resuspended in RPMI1640 medium supplemented with 10% FCS, 100 U/ml penicillin, 100 µg/ml streptomycin, 2 mM
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Spleens from 6-10 week old mice were removed, disrupted and passed through a 40 μ m cell strainer. Erythrocytes were lysed with ACK lysing buffer (Invitrogen Corporation, Carlsbad, CA, USA), subsequently washed twice and resuspended in RPMI1640 medium supplemented with 10% FCS, 100 U/ml penicillin, 100 µg/ml streptomycin, 2 mM glutamine and 50 µM 2-mercaptoethanol, unless otherwise stated. 
Antibodies

In vitro stimulation
For in vitro iIEL stimulation, 24-well tissue culture plates were coated with 10 µg/ml anti-CD3 mAb, with 5 µg/ml anti-CD3 mAb plus 5 µg/ml anti-Ly49A mAb (clone JR9-318 or clone A1) or mouse IgG1/IgG2 a,κ isotype control, with 5 µg/ml anti-CD3 mAb plus 5 µg/ml anti-Ly49G2 mAb (clone 4D11) or mouse IgG2 a,κ isotype control and with 5 µg/ml anti-CD3 mAb plus 5 µg/ml anti-NKG2A/C/E mAb (clone 3S9) or anti-NKG2 B6 mAb (clone 16a11) or an IgG2 b,κ isotype control, all in 625 µl PBS per well at 4°C during 16 h. Wells were washed three times with PBS before iIEL were seeded at 1.25-1.875 x 10 6 cells/well. Alternatively, for Ly49A/Ly49G2/Ly49E/Ly49F sequestration experiments, iIEL were pre-incubated with 1 µg/ml anti-Ly49A mAb (clone JR9-318)/anti-Ly49G2 mAb (clone 4D11)/anti-Ly49E mAb (clone 4D12)/anti-Ly49F mAb (clone HBF-719) at room temperature for 15 min. Thereafter, cells were plated in anti-CD3 coated wells. Cells were incubated at 37°C, 5% CO 2 during 15 h and 1 µg/ml brefeldin A (BD Biosciences) was added during the last 12 h. For PMA/ionomycin stimulation, iIEL were seeded at 2 x 10 6 cells per 24-well and 50 ng/ml PMA plus 4500 ng/ml ionomycin (both from Sigma-Aldrich) was added. Cells were incubated at 37°C, 5% CO 2 during 4 h and 1 µg/ml brefeldin A was added during the last 3 h.
Subsequently, cells were harvested and stained. To determine cytokine production, cell membrane staining was performed first, after which cells were fixed and permeabilized with the Cytofix/Cytoperm Kit (BD Biosciences) and stained for cytokines. Cytokine production is shown as the percentage of intracellular cytokine-positive cells within each CD8αα iIEL subpopulation, whereby cytokine production in the absence of TCR stimulation was subtracted. Further, to allow comparisons of independent experiments, cytokine production was normalized to that seen in CD8αα iIEL cells, which do not express inhibitory MHC-I receptors.
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Results
TCRαβ CD8αα iIEL express inhibitory MHC-I receptors
We wanted to investigate whether inhibitory MHC-I receptors educated cell types other than NK cells. iIEL are known to express MHC-I receptors 13-15 , but a detailed analysis of their distribution on the different iIEL subsets has not been reported. Marked expression of inhibitory MHC-I receptors was observed on TCRαβ CD8αα iIEL, but not on TCRγδ and conventional TCRαβ CD8αβ and CD4 subsets ( Figure 1A ). TCRαβ CD8αα iIEL from B6 mice (H-2 b ) expressed the inhibitory MHC-I receptors Ly49A, Ly49E, Ly49F and Ly49G2, while the fraction of cells expressing Ly49C was very low, and Ly49I was absent ( Figure   1A ). Note that the expression of these receptors was readily detected on spleen NK cells ( Figure 1A ). In addition, TCRαβ CD8αα iIEL stained with a mAb specific for NKG2A/C/E (mAb 3S9) and approximately 80% of these cells were positive for NKG2A (mAb 16a11) ( Figure 1A ), indicating that a considerable fraction of CD8αα iIEL expresses the inhibitory CD94/NKG2A receptor, which is specific for the non-classical MHC-I molecule Qa-1b. 2 Thus, TCRαβ CD8αα iIEL express multiple inhibitory receptors specific for MHC-I molecules. NK cells are known to co-express inhibitory MHC-I receptors whereby the extent of co-expression of two receptors corresponds well to the product of the frequencies of NK cells expressing each receptor ("product rule"). 36, 37 In contrast, the co-expression of two inhibitory MHC-I receptors on CD8αα iIEL is considerably higher than the product of the individual frequencies ( Figure 1B) . These data together with the nearly absence of Ly49C and Ly49I expression indicate that the expression of inhibitory MHC-I receptors on iIEL follows rules that are distinct from those of NK cells.
Moreover, TCRαβ CD8αα iIEL essentially lacked expression of activating NK cell receptors such as Ly49D, Ly49H, NKG2D, NKp46, NK1.1 and CD49b ( Figure 1A) . Again, the expression of all these receptors was readily detected on NK cells ( Figure 1A ).
1
Ly49A-and Ly49G2-expressing iIEL are hyporesponsive
To investigate the potential role of inhibitory MHC-I receptors on the function of CD8αα iIEL, we stimulated purified iIEL with plate-bound anti-CD3 mAb and measured MIP-1α and lymphotactin production, the main chemokines produced by iIEL. Since iIEL do not express in combination with CD94/NKG2 were also low producers of MIP-1α ( Figure 2A ).
Corresponding results were obtained when evaluating lymphotactin production after TCR triggering ( Figure 2B ). Importantly, stimulation by PMA/ionomycin induced comparable MIP-1α and lymphotactin production by the different CD8αα iIEL subpopulations ( Figure   2C -D). These data show that the Ly49A + and Ly49G2 + iIEL populations are competent to produce chemokines but that membrane proximal activation events are impaired. Indeed, the inefficient chemokine production by Ly49A + and Ly49G2 + iIEL was associated with lack of CD69 upregulation following TCR stimulation. In contrast, CD69 upregulation was observed on iIEL subsets expressing no MHC-I receptor or only CD94/NKG2 ( Figure 2E ). Thus, CD8αα iIEL, which express inhibitory Ly49 receptors respond poorly to TCR stimulation, while those expressing CD94/NKG2 respond efficiently.
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The presence of H-2D d does not improve the response of Ly49A + and Ly49G2 + CD8αα iIEL
The CD8αα iIEL subsets that respond poorly to TCR stimulation express the inhibitory receptors Ly49A and Ly49G2, which have no MHC-I ligand in B6 (H-2 b ) mice. These data raise the possibility that, similar to NK cells [6] [7] [8] , the engagement of inhibitory MHC-I receptors is needed to educate iIEL, that is to improve their response to TCR stimulation. To test this hypothesis, we used H-2D d transgenic mice on a B6 background (B6 D d mice), in which Ly49A and Ly49G2 encounter an MHC-I ligand. 30 Ly49A and Ly49G2 expression in B6 D d mice is similar to Ly49A and Ly49G2 expression in B6 mice (Supplemental Figure 1A) .
Despite the fact that H-2D d is expressed in the small intestine ( Figure 3A ), MIP-1α production by anti-CD3-stimulated Ly49A + and Ly49G2 + CD8αα iIEL was not improved ( Figure 3B ). As a control, we determined whether the H-2D d transgene improved MIP-1α production by Ly49A NK cells. Indeed, as shown in figure 3C , upon stimulation with NK1.1 mAb, Ly49A + NK cells from B6 D d mice produced significantly more MIP-1α than those from B6 mice, in agreement with previously published data. 6, 40 Similarly, the presence of H-2D d improved IFNγ production by Ly49A NK cells ( figure 3C ). Note that iIEL do not produce IFN-γ ( 14 and data not shown). In conclusion, the presence of H-2D d educates Ly49A + NK cells but fails to educate Ly49A + or Ly49G2 + CD8αα iIEL.
The Ly49A receptor on CD8αα iIEL interacts with H-2D d in cis
It has been shown that NK cell education depends on the ability of the Ly49A receptor to bind H-2D d ligand in cis, that is in the plane of the same membrane. 40 It was thus possible that deficient iIEL education was due to lack of cis interaction between Ly49A and H-2D d on CD8αα iIEL. Consequently, we investigated the binding of soluble H-2D d (D d ) multimer to
Ly49A expressed on CD8αα iIEL. The D d multimer efficiently stained a subset of TCRαβ 1 3 CD8αα iIEL from H-2 b mice ( Figure 4A ,C). Multimer binding was Ly49A-specific since it was efficiently blocked by the addition of anti-Ly49A mAb (data not shown). When iIEL were from B6 D d mice, multimer binding to Ly49A was reduced approximately 4-fold ( Figure 4A ,C). In comparison, multimer binding to Ly49A was reduced 6-fold in NK cells from B6 D d as compared to B6 WT mice ( Figure 4B -C).
To test whether Ly49A was masked by H-2D d expression in cis, iIEL were exposed to acidic buffer, which disrupts MHC-I/β 2 -microglobulin (β 2 m)/peptide complexes. 41 Indeed, following acid treatment the β 2 m light chain could no longer be detected on the surface of iIEL (data not shown). Acid treatment of iIEL significantly improved multimer binding to
Ly49A when CD8αα iIEL were from B6 D d mice (by a factor of 2.3) but not when they were from B6 mice (factor of 0.9) ( Figure 4A ,C). Analogous, yet somewhat more pronounced results were obtained using NK cells. Here, acid treatment of B6 D d NK cells improved multimer binding to Ly49A by a factor of 3.6. Thus, similar to NK cells, H-2D d is associated with Ly49A on the surface of CD8αα iIEL. However, in contrast to NK cells, the function of Ly49A + CD8αα iIEL does not improve in the presence of H-2D d .
Qa-1b expression does not improve the response of CD94/NKG2 + CD8αα iIEL
In contrast to Ly49A and Ly49G2, CD94/NKG2 + CD8αα iIEL encounter an MHC-I ligand (Qa-1b) in B6 mice and these cells respond efficiently to TCR stimulation (Figure 2A-B) .
These data raised the possibility that, response to NK1.1 triggering, CD94/NKG2 + NK cells from H-2 b mice produced significantly more MIP-1α and IFN-γ than those from H-2K b D b double-deficient mice (data not shown), which is in agreement with published data. 9 These data indicate that neither Ly49 nor CD94/NKG2 receptors educate iIEL.
Functional properties of MHC-I receptors on iIEL
The absence of iIEL education by MHC-I receptors may be related to a lack of inhibitory function in iIEL and/or a failure of these receptors to couple to the TCR. To address this possibility we co-cross-linked the TCR to MHC-I receptors using plate-bound mAbs. If MHC-I receptors are functional, this is expected to reduce iIEL activation via the TCR.
Indeed, plate-bound anti-NKG2A B6 mAb reduced TCR-driven MIP-1α production by CD94/NKG2A iIEL from B6 mice ( Figure 6A ). MIP-1α production by MHC-I receptornegative iIEL was not influenced (data not shown). Thus, despite the fact that CD94/NKG2A can functionally couple to the TCR, it fails to educate iIEL.
In contrast to CD94/NKG2A, co-cross-linking of the TCR with Ly49A or Ly49G2 did not significantly reduce MIP-1α production by CD8αα iIEL (Figure 6B-C) . A further inhibition might not be possible given the low responsiveness of the Ly49A-and Ly49G2expressing iIEL. Alternatively, this might indicate that the engagement of the Ly49A and Ly49G2 receptors does not transduce inhibitory signals and/or that these receptors fail to couple to the TCR in iIEL.
Since the response of Ly49A + and Ly49G2 + CD8αα iIEL to CD3 stimulation is low, an alternative scenario was that Ly49A and Ly49G2 inhibited these iIEL even in the absence TCR. To this end we incubated iIEL with Ly49A mAb prior to the activation of iIEL with plate-bound CD3 mAb. Indeed, the sequestration of Ly49A substantially improved (2-fold) MIP-1α production by CD8αα iIEL from B6 mice ( Figure 7A) . Similarly, the sequestration of Ly49G2 improved the iIEL response to TCR stimulation ( Figure 7B ). The addition of Ly49 mAbs had no non-specific effects on other iIEL subsets and isotype control mAbs did not improve the response of Ly49A-and Ly49G2-expressing iIEL ( Figure 7A-B) . Importantly, the incubation of iIEL with Ly49A/Ly49G2 mAb did not induce chemokine production in the absence of CD3 cross-linking (data not shown), indicating that Ly49A/Ly49G2 did not activate iIEL but rather that iIEL were released from a suppressive effect of Ly49A/Ly49G2. Figure 7C ). In contrast, Ly49F sequestration did not significantly improve the iIEL response ( Figure 7D ), which may be due to the inability of this specific mAb to sequester the Ly49F receptor away from the TCR or might be due to a general hyporesponsiveness of iIEL expressing Ly49F. Irrespectively, our data show that multiple Ly49 receptors suppress iIEL activation in an MHC-I independent fashion. Thus the Ly49A and Ly49G2 and the CD94/NKG2A receptors are shown to functionally couple to the TCR. Notwithstanding these receptors fail to educate iIEL in the presence of the respective MHC-I ligands.
For personal use only. on September 14, 2017. by guest www.bloodjournal.org From 1 6 Discussion NK cells mediate an improved response to stimulation when they express an inhibitory receptor specific for self-MHC-I. In contrast, we show here that the engagement of MHC-I receptors does not improve the functional response of CD8αα iIEL.
To address the role of inhibitory MHC-I receptors on cell types other than NK cells, we first analyzed their expression on different iIEL subsets. We show that type b TCRαβ CD8αα iIEL in B6 mice express the self-MHC-I specific CD94/NKG2A and the non-self-MHC-I specific Ly49A and Ly49G2 receptors in a variegated and partially overlapping fashion. In contrast to published microarray data 13,14 , H-2 b iIEL did not express the self-MHC specific inhibitory receptor Ly49I, and Ly49C was only expressed at very low levels.
We used MHC-I transgenic and knock-out mice to test whether the engagement of Ly49A, Ly49G2 or CD94/NKG2A by their MHC-I ligand improved the responsiveness of CD8αα iIEL. However, the presence of the respective MHC-I ligands failed to improve MIP-1α production by the relevant iIEL subsets. In contrast, MIP-1α production by the relevant NK cell subset was readily increased. Importantly, the hyporesponsiveness of Ly49A-and Ly49G2-expressing CD8αα iIEL populations was not due to an intrinsic defect in chemokine production as PMA/ionomycin stimulation resulted in significant chemokine production.
These data show that inhibitory MHC-I receptors educate NK cells but fail to educate iIEL.
It could be argued that an NK-like education of iIEL is not observed since T cells do not normally respond to "self". However, TCRαβ CD8αα iIELs undergo a self-antigendependent agonist selection process and express a self-reactive TCR. 26, 45 This persistent stimulation may represent the basis for why these cells express Ly49 receptors. Consequently, iIEL may not be educated since inhibitory MHC-I receptors are acquired by mature rather than immature cells. However, recent studies have shown that peripheral NK cells can be educated independent of their development in the bone marrow. 46, 47 For personal use only. on September 14, 2017. by guest www.bloodjournal.org From 1 7 Education has been shown to improve the function of multiple if not all activation receptors expressed by NK cells. For example NK cells produce cytokines such as MIP-1α and IFN-γ in response to NK1.1 cross-linking and the response is enhanced when NK cells express an inhibitory receptor specific for self-MHC-I. [6] [7] [8] In contrast, cross-linking NK1.1 on T cells, such as NKT cells, does not result in MIP-1α or IFN-γ production (data not shown).
Further, since NKT cells and iIEL do not express activating NK cell receptors such as Ly49D, Ly49H, NK1.1, NKp46 and NKG2D ( Figure 1A and as previously described 13-15 ), it is not possible to compare the responses of T cells (NKT or iIEL) and NK cells to stimulation through the same activation receptor. Since the primary activation receptor is the TCR, we tested whether inhibitory MHC-I receptors on iIEL are competent to influence signaling via the TCR. Co-crosslinking of the TCR with CD94/NKG2A provided evidence that CD94/NKG2A can inhibit the TCR on iIEL. Thus, on iIEL CD94/NKG2A has the potential to perform a classical ligand-dependent inhibitory function. However, despite the coupling to the TCR, the CD94/NKG2A receptor does not educate iIEL.
In contrast to CD94/NKG2A, Ly49A or Ly49G2 co-crosslinking to the TCR failed to inhibit iIEL activation. In agreement with these data, there is little evidence that endogenous Ly49 receptors functionally inhibit CD8 T cells. 16 Thus, on T cells inhibitory Ly49 receptors may not exert a classical ligand-dependent inhibitory function. Indeed, it was recently proposed that Ly49A may mediate a ligand-independent effect: Ly49A was shown to counteract NK cell activation when the corresponding MHC-I ligand was absent. 44 One possible explanation is that the inhibitory receptor is in proximity to activating receptors. This proximity may be sufficient to dampen NK cell activation. Indeed when Ly49A is spatially 
It has been shown that H-2D d expression by NK cells (in cis) sequesters the majority
of Ly49A receptors and that this is associated with an improved function of Ly49A + NK cells. 40 Despite the fact that Ly49A and H-2D d were also associated on the cell surface of CD8αα iIEL, the function of iIEL did not improve. However, we noted that Ly49A/H-2D d cis association on iIEL was significantly less efficient as compared to NK cells. This results in a higher fraction of unbound Ly49A on CD8αα iIEL as compared to NK cells. It is thus possible that Ly49A-dependent suppression of iIEL persists despite the fact that some Ly49A is sequestered by H-2D d expression in cis. In addition, it is also possible that the TCR is more sensitive to suppression by Ly49A as compared to NK cell activation receptors.
Irrespectively, the efficient sequestration of Ly49A or Ly49G2 using mAb was shown to improve the response of iIEL to TCR stimulation. Thus, the primary role of Ly49 receptors in iIEL may be to prevent the activation of self-reactive T cells. The fact that the suppressive function of Ly49A/Ly49G2 is independent of ligand may ensure proper iIEL suppression even in mouse strains in which a Ly49A/Ly49G2 ligand is not present.
Taken together, similar to NK cells, inhibitory MHC-I receptors have the potential to inhibit iIEL in a ligand-dependent fashion or to suppress iIEL in a ligand-independent way.
9
However, unlike NK cells, iIEL fail to undergo an MHC-I guided education process, suggesting that education is an NK cell specific function of inhibitory MHC-I receptors.
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